and ambient air ($21% O 2 ), respectively. Various approaches including X-ray diffraction (XRD), transmission electron microscopy (TEM), Raman spectroscopy and thermo-gravimetric and differential thermal analyses (TG-DTA) were used to characterize the structure, morphology and phase formation mechanism of the nanoparticles. Upconversion luminescence properties were investigated by emission intensity vs. excitation power (double logarithmic relationship) and temperature dependent emission spectroscopy. The different splitting transition probabilities of the cubic and/or monoclinic phase, the probability of multiphonon relaxations and cross relaxations between Er 3+ ions are responsible for the efficient red emission in the cubic Gd 2 O 3 nanoparticles. More importantly, the lower phonon energy of the pure cubic sample has good thermal stability in the current detectable range of 20-100 C. These results imply that the cubic Gd 2 O 3 upconversion nanoparticles may have multiplexing functionality in bio-imaging.
Introduction
Lanthanide-doped upconversion nanoparticles (UCNPs) are a promising optical functional species for the scientic community due to their unique spectroscopic properties and their potential applications in different elds. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Compared to semiconductor quantum dots and organic uorophores, properties such as a high detection sensitivity, minimum photo-damage to biological materials, weak auto-uorescence and a high penetration depth in living organisms or environmental samples allow UCNPs to be regarded as ideal luminescent candidates in the elds of bio-photonics and biomedical imaging. [13] [14] [15] [16] [17] [18] [19] In recent years, the development of inorganic functional nanoprobes with integrated magnetic and uorescent characteristics has been receiving great attention. These materials hold great prospects for multiplexed bio-imaging, such as diagnostic analysis, real-time imaging and uorescent labeling. 20 However, it is complex and difficult to bind two or more kinds of NPs with separate magnetic and optical functionalities into one nanosystem. To this end, it's a better choice to develop effective multifunctional NPs without adding any other moieties. From this point of view, Gd-based NPs (Gd 2 O 2 S, NaGdF 4 , etc.) are promising multifunctional bio-probes that integrate optical and magnetic properties in a single phase.
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During the past decades, the Yb 3+ -Er 3+ sensitizer-activator pair has been recognized as an ideal lanthanide dopant for efficient upconversion luminescence. This pair usually shows two strong peaks of green emission which greatly limits the imaging penetration depth in tissues. 22, 23 Red emission is relatively attractive for the optical imaging and simultaneous tracking of multiple biological species due to the wavelengths that are located in the rst biological "optical window".
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Scientists are devoted to achieving bright red upconversion luminescence using diverse approaches, e.g., choosing host lattices, optimizing dopant concentrations, doping heterogeneous ions (Mn 2+ , Fe 3+ , etc.) and employing photonic crystals. [26] [27] [28] [29] [30] [31] [32] [33] However, it remains a challenge to generate bright and pure red upconversion using a simple synthesis process and with multimodal functionality.
Herein, we report a succinct approach to control the red upconversion luminescence of Ln-doped ( , and then naturally cooled down to room temperature.
General characterization
The X-ray diffraction (XRD) pattern of Gd 2 O 3 :9% Yb 3+ ,1% Er 3+ was recorded using a Bruker D8 Advance X-ray diffraction system with Cu-Ka (1.5405Å) radiation within a 25-65 range of 2q. The shape and morphology of the samples were characterized using a SU8010 FE-SEM scanning electron microscope (HITACHI, Japan) and a FEI Tecnai G2 F20 S-WTINE transmission electron microscope. The TG-DTA curves were recorded using TGA/DSC 1LF1600 (METTLER-TOLEDO, Swit) with a rate of 4 C min À1 under N 2 and ambient air. The Raman spectroscopy was performed using a 476G72 inVia-Reex Raman Microscope (Renishaw, UK) under 785 nm excitation. The upconversion luminescence spectra were obtained with a PL3-211-P spectrometer (HORIBA JOBIN YVON, America) using a power-tunable 980 nm diode laser as the excitation source. For temperature dependent emissions, a TAP-02 temperature controller (ORIENT KOJI, China) was equipped to the spectrometer.
Results and discussion
Phase and morphology Fig. 1 -O 2 -free sample was conrmed by selective particle observation using high-resolution TEM, in which an interlayer spacing of 0.304 AE 0.01 nm was in good agreement with the d spacing of the (401) lattice plane of the monoclinic phase ( Fig. 1(e) ). The random observation of Gd 2 O 3 -O 2 revealed the unitary cubic phase, e.g., the interlayer spacings of 0.312 nm, 0.411 nm, 0.185 nm and 0.254 nm are in accordance with the lattice spacing of the (222), (211), (433) and (411) planes of the cubic phase, respectively ( Fig. 1(f) ). These observations are in accordance with the XRD results.
Atmosphere controlled crystal formation
To investigate the formation dynamics of Gd 2 O 3 from Gd 2 O 2 S, TG-DTA was performed. Fig. 2 shows the TG-DTA curves of Gd 2 O 2 S heated at a rate of 4 C min À1 in different atmospheres.
In the case of the O 2 -free atmosphere ( Fig. 2(a) ), the formation of Gd 2 O 3 can be roughly divided into three stages. The rst stage with a weak weight loss is related to the evaporation of physically adsorbed and chemisorbed water in the temperature range of 30 C to 300 C. 17 The endothermic peaks at about 318 C and 428 C are accompanied by a second weight loss of 32% between 300 C and 480 C in the TG-DTA curves, which is in accordance with the decomposition of the crystal water and oxidation of the surface organic matter, respectively. 35 The weight loss (5%) above 480 C indicates the decomposition from the intermediate phase to the oxide. 36 The strong exothermic peak is attributed to the decomposition of Gd 2 O 2 S at 580 C.
The incomplete burning of decomposed organic materials produced the endothermic peak at 680 C. 37 At the same time, the residual organic carbon reacted with the decomposed sulfur, which led to the conditions for the phase transition or induced the formation of the monoclinic phase Gd 2 O 3 . The reactions can be described by the following equations:
The reaction temperature noticeably decreases under aerobic conditions, which is shown in Fig. 2(b 39 In the presence of oxygen, the sulphur oxides are oxidized to oxysulphate compounds at the temperature range of 500 C to 600 C. The weak endothermic peak at 585 C and the mass loss (2%) between 410 C and 750 C are probably due to simultaneous occurrence of exothermic and endothermic reactions with a lack of net heat to produce a thermal event. 40 The reaction could be shown using the following equation: 44 The wavenumber values in Fig. 3 are a little different from the values reported in previous work. This may be caused by the phonon connement effect in which nanoparticles can cause a frequency shi and the broadening of Raman peaks.
Upconversion luminescence
The comparative analyses of the upconversion luminescence behaviours for the two samples are shown in Fig. 4 , in which a 980 nm laser diode with a power of 100 mW was employed as the excitation source. The faint green emissions peaking at the ordinary centre of 523 nm and 538 nm come from the 2 45 We can clearly observe three sets of splitting peaks for all the transitions, and we have chosen to label them in order of H 1-4 , S 1-3 and F 1-7 , respectively. Apparently, the splitting transition probabilities of the two samples are totally different. This can be used as a ngerprint for identication of the lanthanides located in different crystal elds. The spectral prole of the Gd 2 O 3 -O 2 sample (blue lines in Fig. 4(a) Importantly, the green emission is nearly eliminated while the red emission is more efficient from the monoclinic phase to cubic phase.
To understand the upconversion mechanism, the excitation power (P) dependent upconversion (UC) emission intensity (I up ) of Gd 2 O 3 :Yb 3+ ,Er 3+ was measured. Fig. 4 and O 2 conditions, respectively. It is known that I up is proportional to the power N of P, i.e.,
where N is the number of pump-photons required to populate the excited state and is determined by the slope of the tted line. In Fig. 4(c)-( Fig. 4(b) . This population difference is due to the distinct phonon energy for the two phases, e.g., the maximum phonon energy for the monoclinic phase (746 cm À1 ) is much larger than the one for the cubic phase (561 cm À1 ), as shown in Fig. 3 . This induces a large probability of over a temperature range of 20-100 C were studied using the uorescence intensity. From Fig. 5(a)-(c) , the red emission decreased when increasing the temperature from 20 to 100 C, which was in accordance with the classical theory of thermal quenching. 50 Quantitative temperature dependent intensity analysis in Fig. 5(c) shows that the Gd 2 O 3 -O 2 sample had better thermal stability than the Gd 2 O 3 -O 2 -free sample. The stability of the lanthanide-doped sesquioxides can be understood in terms of the phonon energy difference between the two phases. According to the multiphonon relaxation rate: where p is the number of phonons and W mp is the relaxation rate of 0 K, lower phonon energy leads to a lower multiphonon relaxation rate, and consequently to a higher thermal stability.
It is suggested that the Gd 2 O 3 -O 2 sample is less sensitive to temperature, which is more benecial for applications because it is little affected by the changing of external elds. 
